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ARTICLE INFO ABSTRACT

Copepods are important ecological indicators of ecosystem functioning. In this study, we analyzed the structure
of copepod assemblages and cross-shelf patterns based on functional traits and indicator value analysis. Copepod
samples were collected from 54 stations distributed along the inner, middle, and outer continental shelves
covering a wide geographical area (20,100 km?). Overall, 38 species were identified: 20 Calanoida, 14
Cyclopoida, and 4 Harpacticoida. Copepod density was the highest in the inner shelf profile, with richness and
diversity being higher on the outer shelf close to the shelf break. The results suggest that there is a gradient of
zooplankton distribution even on narrow (< 50 km) continental shelves. The cluster analysis of the stations
showed a tendency to form three groups largely corresponding to physical location. Two major functional groups
were identified, sorted by spawning strategy. These were subdivided according to the trophic regime and feeding
strategy. Temora turbinata (alien species), Clausocalanus furcatus, and Ditrichocorycaeus amazonicus (native spe-
cies) were found to be ecological indicators. These species have different functional traits and distinct cross-shelf
distributions, where the alien species dominates the turbid coastal waters, and C. furcatus is an indicator of outer-
shelf waters. Thus, these species can be considered ecological indicators of the different continental shelf waters.
The results indicate that it is necessary to understand the functional diversity and ecological indicators of co-
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pepods, considering their importance for the basis of marine food webs.

1. Introduction

Taxonomic diversity and spatiotemporal variations over different
scales in relation to environmental or anthropogenic factors offer in-
formation on how modifications in biodiversity affect ecosystem func-
tion (Pomerleau et al., 2015). Interest in specific ecological roles and
the relations of diversity and ecosystem functioning lately was ex-
pressed by researchers recently (Barton et al., 2013) because these
parameters characterize the diversity of species traits (Diaz and Cabido,
2001). Functional traits are phenotypic features of organisms that affect
their fitness (Violle et al., 2007) and can be categorized according to
ecological functions (Benedetti et al., 2016; Litchman et al., 2013).
Describing the patterns in taxonomic diversity and functional traits
indicate variation in ecological functioning and may be as good in-
dicators of functioning of marine systems.

The value of zooplankton as an indicator of ecological conditions
comes from its position in the food web, as a link between bottom-up
(phytoplankton) and top-down (e.g., fishes) energy transfer compo-
nents (Kigrboe, 2008), thus providing information about the ecological

implications for fish production and for the regional and overall bio-
geochemical cycles (Miyashita et al., 2009). In most tropical and sub-
tropical marine waters, the copepod assemblage dominates the zoo-
plankton community and it is usually characterized by small
individuals, many of which are rare or absent in the open sea
(McKinnon et al., 2008; McKinnon et al., 2005).

Copepods form a part of the diet of innumerable animals (Miyashita
et al., 2009) and they are considered a key group in the marine pelagic
environment (Gismervik, 2006). In the South Atlantic, there are more
than 500 species, with a little more than 70 being endemic (Bradford-
Grieve et al., 1999). There are no studies of copepod distribution and
ecological indicators along the continental shelf of the Tropical
Southwestern Atlantic (TSA) (Spalding et al., 2007), from the inner
shelf to the shelf break. Worldwide, studies of this type are normally
carried out on wide continental shelves ( > 50 km) of subtropical and
temperate zones and with clear differentiation of water masses. There
are few studies of the occurrence and distribution of copepods in neritic
and/or oceanic zones or on their role as ecological indicators in neritic
waters (Benedetti et al., 2016; Costa et al., 2016a; Costa et al., 2016b;

Abbreviations: IndVal, indicator value; TSA, Tropical Southwestern Atlantic; ind., individuals; UPGMA, unweighted pair group method with arithmetic mean; SIMPROF, similarity
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Fig. 1. Sampling stations along the continental shelf (inner A1-A18, middle B1-B18, and outer C1-C18) in the Tropical Southwestern Atlantic (TSA).

Shi et al., 2015). The presence of trade winds, absence of upwelling,
consistent high temperatures, narrow continental shelf (< 50 km), and
low inflow from estuaries (Mazzocchi and d'Alcala, 1995) make this
area important for filling gaps in scientific knowledge about functional
diversity and the use of copepods as ecological indicators.

Considering the existing scientific knowledge (Cornils et al., 2010;
Miyashita et al., 2009; Neumann-Leitao et al., 2008), it can be hy-
pothesized that the variations in copepod assemblages are related to
ecosystem functions. Therefore, the objective of this study was to re-
duce this gap by improving the understanding of pelagic ecology of the
marine environment, via analysis of the assemblage of copepods based
on functional trait diversity and ecological indicators.

2. Materials and methods
2.1. Study area

Our study area is located in the TSA (Fig. 1), under the influence of
the Northern Brazil Current, and it is considered oligotrophic. It is lo-
cated on a coastline 1038 km long with a continental shelf width of
35-90 km. This zone is immersed in the continuous subequatorial at-
mospheric circulation of the trade winds, which are persistent and in-
tense throughout the year (Ferreira and Mello, 2005). The climate is dry
(semiarid), and the estuaries are shallow, with low river flow (Schettini
et al., 2017). Estuaries influencing this area include the Timonha and
Ubatuba Rivers; the Parnaiba River Delta, an Environmental Protection
Area (de Paula Filho et al., 2015); the Jaguaribe River estuary, which
has the largest hydrographic basin in the semiarid coast of Brazil (Dias
et al., 2016); and the Coread River, located in the northwestern portion
of Cearé state (Miola et al., 2016). Historical flow data show a reduction
in riverine contributions to the marine waters of the tropical con-
tinental shelf because of construction of dams along the hydrographic
basin (Dias et al., 2013). This semiarid coast shelters tropical reefs
(Soares et al., 2016) and mangrove forests (Ferreira and Lacerda, 2016).

2.2. Methodology and zooplankton sampling

Sampling was carried out on two occasions (July and October)
during the dry season in 2010. Three profiles (inner, middle, and outer)
were established along the continental shelf, each with 18 stations,
parallel to the coast (Fig. 1).

Zooplankton samples were collected via 5-min superficial horizontal
hauls using a cylindrical-conical net (mouth opening: 50 cm, mesh size:
300 um) equipped with a General Oceanics flowmeter (General
Oceanics, Miami, FL, USA). After collection, the samples were im-
mediately fixed with 4% formaldehyde buffered with 4 g/L sodium
tetraborate. Water environmental variables—salinity, dissolved oxygen
(mg/L), temperature (°C), conductivity, pH, and turbidity—were mea-
sured with multiparameter probe YSI 6660.

In the laboratory, each sample was fractionated with a Motoda-type
subsampler. Once the samples were split into suitable fractions, varying
from 1/2 to 1/512, all copepods present in the subsamples were
counted under a stereoscopic microscope (Omori and Ikeda, 1984). The
species were identified based on the main literature (Bjornberg, 1981;
Bradford-Grieve et al., 1999; Tregouboff and Rose, 1957).

2.3. Data analysis

The density (ind.-m~>) was calculated for all species of copepods.
The frequency of occurrence of each species was also calculated, with
values being classified as very frequent ( > 70%), frequent (70-30%),
infrequent (30-10%), and sporadic (<10%).

The assemblage of copepods was analysed using community de-
scriptors and ecological indicator value. To describe the structure of
copepod assemblages, Margalef’s richness index (d), Pielou’s evenness
index (J”), Simpson’s dominance index (A), and the Shannon-Weaver
diversity index (H’) were used. All the indexes were log (x + 1)
transformed. The indicator value (IndVal) of a species was used to ex-
press species importance as ecological indicators in community classi-
fications. An IndVal analysis calculates a single value for each species
based on the fidelity and specificity of the species in relation to groups
of sites, and tests for statistical significance of the associations by
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permutation. The IndVal of species i for class j is obtained using the
equation IndValy = A; x By X 100, where Ay is specificity, i.e., the
proportion of the individuals of species i that are in class j; and By is
fidelity, i.e., the proportion of sites in class j that contain species i
(Chew et al., 2015). IndVal was calculated using PC—ORD Version 6.08
(MJM software).

An extensive review of the literature on the functional traits of
marine copepods was carried out. The functional traits were compiled
into a matrix that included feeding type (active ambush feeding, passive
ambush feeding, filter feeding, cruise feeding, or mixed feeding),
trophic group (herbivore, carnivore, omnivore, detritivore, herbivore-
omnivore, omnivore-carnivore, or detritivore-carnivore), and re-
production (broadcast spawner or sac spawner). The groups formed on
the basis of Euclidean distance were assessed by the SIMPROF test at
5% significance.

Analysis of similarity of the oceanographic stations was conducted
by a method of grouping the stations into clusters. For this purpose, we
used a Bray-Curtis similarity matrix, where the raw data for species
density was log-transformed. Based on this index, a cluster analysis was
carried out using the unweighted pair group method with arithmetic
mean (UPGMA). This multivariate analysis was used to evaluate pos-
sible patterns in the structure of the community in each part of the
continental shelf (inner, middle, and outer).

The groups formed were evaluated by the SIMPROF test at the 5%
significance level. A nonparametric analysis (one-way Kruskal-Wallis;
KW) was performed to test significance of differences in environmental
variables and community descriptors (H’, J’, A, and d) between dif-
ferent profiles.

3. Results
3.1. Hydrographic conditions

There were no statistically significant differences in salinity, dis-
solved oxygen (mg/L), temperature (°C), conductivity, or pH among the
profiles on the continental shelf. Only turbidity showed significant
variation, mainly along the inner shelf (Table 1).

3.2. Copepod diversity

Overall, 38 species of copepods were identified: 20 Calanoida, 14
Cyclopoida, and 4 Harpacticoida (Table 2). Most (33) of these species
are cosmopolitan, with seawide distribution. We found three species
endemic to the Atlantic Ocean (Calanopia americana, Labidocera nerii,
and Farranula gracilis) and two endemic to Brazil [Acartia (Odonta-
cartia) lilljeborgi and Pseudodiaptomus acutus].

Calanoida was the most abundant taxon (13 families), followed by
Cyclopoida (4 families) and Harpacticoida (2 families; Table 2). On the
inner shelf, Temoridae (49.3% of all individuals; two species) was the
most abundant family; on the middle shelf, it was Paracalanidae

Table 1

Environmental variables and values (mean and standard deviation) on the continental
shelf of the semiarid coast (Tropical Southwestern Atlantic). Salinity (KW, P = 0.40),
oxygen (KW, P = 0.80), temperature (KW, P = 0.82), conductivity (KW, P = 0.88), pH
(KW, P = 0.96), and turbidity (KW, P = 0.0013). Different letters indicate a statistically
significant difference between profiles in the environmental variable considered.

Environmental Variable Inner shelf Middle shelf Outer shelf

Salinity 33.67 + 1.41° 33.33 + 1.36°  33.00 = 1.32°
0, (mg/L) 474 = 0.95 4.84 = 0.75 5.09 + 0.84°
Temperature (°C) 27.86 + 0.41° 27.71 + 0.37°  27.8 * 0.26°
Conductivity 51.09 + 1.94?  50.67 = 1.86° 50.26 * 1.82°
pH 8.17 + 0.03° 8.17 £ 0.04° 8.19 + 0.45°
Turbidity 9.28 + 6.64° 3.5 = 4.45° 3.22 + 4.34°

Bold value indicate the environmental variable with significant variation.
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(43.9%, three species); and on the outer shelf, Clausocalanidae (28.7%,
one species). Calanidae and Corycaeidae families were also common
(Fig. 2).

3.3. Spatial distribution and structure of the copepod assemblages

The near-shore profile (the inner shelf) had the highest density of
copepods, followed by the outer and middle shelves. The highest values
of richness (d) and diversity (H") were observed on the outer and middle
shelves, with the inner shelf having statistically significantly lower
values for both measures. Pielou’s evenness index (J”) remained con-
stant across shelves (KW, P = 0.1296). Mean density did not show great
variation between the middle and outer shelves, and the inner shelf had
the highest value (Table 3).

Species that were common or exclusive to each profile are shown in
Table 4. Among the organisms considered very frequent were Para-
calanus aculeatus (adult and juvenile copepodite) and Onychocorycaeus
giesbrechti, the latter being present in 100% of the samples analyzed.
Some species were very frequent or frequent only on the middle shelf,
including A. lilljeborgi and Euterpina acutifrons, while others were fre-
quent only on the outer and inner shelf, including Acrocalanus cf.
longicornis, Temora stylifera, Oithona plumifera, Oncaea media, Corycaeus
(Corycaeus) speciosus, and Undinula vulgaris (Table 5). Along the TSA,
the frequency of T. turbinata occurrence was higher on the inner and
middle shelves, while that of congeneric native species T. stylifera was
higher on the middle and outer shelves.

The cluster analysis of the stations showed a tendency to form three
groups (Fig. 3) largely corresponding to physical location. Group I in-
cluded nearly all the inner-shelf stations, and groups M and O included
mostly the stations on the middle and outer shelves.

3.4. IndVal analysis

Temora turbinata (IndVal = 98.9, P = 0.0002), Clausocalanus fur-
catus (Indval = 96.1, P = 0.0002), and Ditrichocorycaeus amazonicus
(IndVal = 95.4, P = 0.0002) were indicator species (Table 6).

3.5. Functional groups

Two major functional groups were identified, sorted by spawning
strategy (Fig. 4). These were subdivided according to the trophic regime
and feeding strategy, and we defined seven subgroups (Table 7).

Groups 1, 2, and 3 are sac-spawners, and groups 4, 5, 6, and 7 are
broadcasters. Group 1 is species that cruise feed. The trophic regime of
this group was mainly omnivore-detritivore, with the exception of the
species C. furcatus (omnivore-herbivore) and Sapphirina nigromaculata
(carnivore). Group 2 is mostly Cyclopoida carnivores that feed via ac-
tive ambush. O. plumifera was the only species in this group classified as
an omnivore. Group 3 consists of three species of Harpacticoida. E.
acutifrons and Macrosetella gracilis did not show a defined feeding
strategy and are omnivore-herbivores. Miracia efferata is herbivorous
and a cruise feeder.

Group 4 species are active ambush carnivores, except for
Centropages velificatus, which has a mixed feeding strategy and is an
omnivore-carnivore. Group 5 was composed of the smallest number of
species, with only C. americana and Scolecithrix danae; both have no
defined feeding strategy and are omnivorous and omnivore-herbivore,
respectively. Group 6 consists of three Calanoida omnivores, and Group
7 is composed of herbivores and omnivore-herbivores. These last two
groups together include all filter feeders.

4. Discussion
4.1. Hydrographic conditions

Along the continental shelf of the TSA, turbidity was the only
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A list of the copepod species on the continental shelf (Tropical Southwestern Atlantic).

Order Family

Species

Calanoida Calanidae (Dana, 1849)

Paracalanidae (Giesbrecht, 1893)

Eucalanidae Giesbrecht, 1893

Clausocalanidae Giesbrecht, 1893
Scolecitrichidae (Giesbrecht, 1893)

Lucicutiidae (Sars, 1902)

Centropagidae (Giesbrecht, 1893)

Pseudodiaptomidae (Sars, 1902)

Temoridae (Giesbrecht, 1893)

Candaciidae (Giesbrecht, 1893)

Pontellidae (Dana, 1853)

Acartidae (Sars, 1900)

Cyclopoida Oithonidae (Dana, 1853)

Oncaeidae (Giesbrecht, 1893)

Sapphirinidae (Thorell, 1859)

Corycaeidae Dana, 1852

Harpacticoida Ectinosomatidae (Sars, 1903)

Miraciidae (Dana, 1846)
Euterpinidae (Brian, 1921)

Undinula vulgaris (Dana, 1849)

Undinula vulgaris (juvenile copepodite)
Acrocalanus cf. longicornis Giesbrecht, 1888
Calocalanus pavo (Dana, 1852)

Paracalanus aculeatus Giesbrecht, 1888
Paracalanus aculeatus (juvenile copepodite)
Subeucalanus pileatus (Giesbrecht, 1888)
Subeucalanus pileatus (juvenile copepodite)
Clausocalanus furcatus (Brady, 1883)
Scolecithrix danae (Lubbock, 1856)
Scolecithrix danae (juvenile copepodite)
Lucicutia gaussae Grice, 1963

Lucicutia gaussae (juvenile copepodite)
Centropages velificatus (Oliveira, 1947)
Centropages velificatus (juvenile copepodite)
Pseudodiaptomus acutus (Dahl F., 1894)
Pseudodiaptomus acutus (juvenile copepodite)
Temora stylifera (Dana, 1849)

Temora stylifera (juvenile copepodite)
Temora turbinata (Dana, 1849)

Temora turbinata (juvenile copepodite)
Candacia pachydactyla (Dana, 1849)
Candacia pachydactyla (juvenile copepodite)
Calanopia americana Dahl F., 1894
Calanopia americana (juvenile copepodite)
Labidocera acutifrons (Dana, 1849)
Labidocera nerii (Krgyer, 1849)

Labidocera nerii (juvenile copepodite)
Labidocera spp. (juvenile copepodite)
Pontellopsis brevis (Giesbrecht, 1889)
Pontellopsis perspicax (Dana, 1849)

Acartia (Odontacartia) lilljeborgi Giesbrecht, 1889
Oithona plumifera Baird, 1843

Oithona spp.

Oithona spp. (juvenile copepodite)

Oncaea media Giesbrecht, 1891

Oncaea mediterranea (Claus, 1863)

Oncaea spp. (juvenile copepodite)

Oncaea venusta Philippi, 1843

Sapphirina nigromaculata Claus, 1863
Copilia mirabilis Dana, 1852

Corycaeus (Corycaeus) speciosus Dana, 1849
Ditrichocorycaeus amazonicus (Dahl F., 1894)
Onychocorycaeus giesbrechti (Dahl F., 1894)
Onychocorycaeus latus (Dana, 1849)
Farranula gracilis (Dana, 1849)

Farranula spp.

Macrosetella gracilis (Dana, 1847)
Microsetella rosea (Dana, 1847)

Miracia efferata Dana, 1849

Euterpina acutifrons (Dana, 1847)

environmental variable with significant differences among profiles
(inner, middle, and outer shelf). It showed high values on the inner
shelf owing to resuspension of bottom material caused by the interac-
tion between wave dynamics and the shallow coastal waters (Medeiros
et al., 2007). In general, coastal regions are more productive than
oceanic zones mainly because of the supply of nutrients and organic
matter from the continent (Sigman and Hain, 2012). Drainage of es-
tuaries and superficial flow from the continent may modify environ-
mental characteristics of the continental shelf (e.g., the circulation and
concentration of nutrients), thereby influencing the composition and
distribution of the plankton community (Albaina and Irigoien, 2004;
Morgan et al., 2005; Mota et al., 2017). Nonetheless, samples were
collected during the dry season, when there is practically no outwelling
in most estuaries along the tropical semiarid coast (Dias et al., 2013). In
turbid coastal waters found on the inner shelf, the alien T. turbinata
dominates and can be considered an ecological indicator.
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4.2. Composition and characteristics of Copepoda

Calanoida is a highly important contributor to the density and
biomass of marine plankton (Melo Jtnior et al., 2016). Juvenile cala-
noids (copepodites; see Table 4) are an important member of the co-
pepod assemblage (Favareto et al., 2009; Webber and Roff, 1995) and
of the secondary production (Miyashita et al., 2009) along the tropical
coast.

The calanoid copepods (family Paracalanidae) are environmentally
tolerant species with a broad geographical distribution (Cornils and
Blanco-Bercial, 2013), frequently found in tropical and subtropical re-
gions (Bowman, 1971). Paracalanus is one of the most important genera
in this family in the Brazilian neritic zone (Lopes et al., 1999), and P.
aculeatus is the most common species, thought to belong to coastal and
continental shelf regions (Bowman, 1971). Acrocalanus longicornis and
Calocalanus pavo can be found in tropical regions (Bjornberg, 1981;
Bradford-Grieve et al., 1999).

T. turbinata (Temoridae) has consistently been found in various
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Fig. 2. Relative abundance levels of the main families of Copepoda on the continental
shelf (Tropical Southwestern Atlantic).

Inner shelf

Table 3

The number of species (S), Margalef’s richness index (d), Pielou’s evenness index (J°),
Shannon-Weaver diversity index (H’), and average density of the copepod community
along the inner, middle, and outer shelves (Tropical Southwestern Atlantic). S (KW,
P < 0.0001), D (KW, P < 0.0001), J’ (KW, P = 0.12), H' (KW, P < 0.0008).

Inner shelf Middle shelf Outer shelf

S 11.78 + 2.49°  16.83 = 2.64> 18.28 * 3.08"
d 437 + 1.39° 7.72 + 212° 7.18 + 1.35°
J 0.84 + 0.07° 0.80 * 0.06° 0.81 + 0.05°
H’(log.) 2.05 * 0.20° 2.25 + 0.26" 2.34 + 0.19°
Average density (ind/m®) 2.49 + 19.53 0.59 + 3.46 0.69 = 2.16

Different letters indicate significant differences between profiles (P < 0,05)

environments in Brazil, including coastal zones and estuaries (Ara,
2002; Silva et al., 2004; Silva et al., 2003; Sterza and Fernandes, 2006).
Recognized as an exotic species on the Brazilian coast, this copepod was
probably introduced through ballast water (Silva et al., 2004). T. tur-
binata is considered both coastal and oceanic (Bjornberg, 1981;
Bradford-Grieve et al., 1999), being extremely widespread and tolerant
of a wide range of environmental conditions (Bradford, 1977). Our
results indicate that this ecological indicator is more abundant on the
inner shelf, which is near the estuaries and turbid coastal waters.

The species endemic to the Brazilian coast, A. lilljeborgi and P.
acutus, were found only along the inner shelf adjacent to the coast. A.
lilljeborgi is a copepod characteristic of Brazilian estuaries (Bjornberg,
1981) and is considered an indicator of coastal waters (Bjornberg,
1963). The copepods of the Pseudodiaptomus genus are the only typi-
cally estuarine ones (Bjornberg, 1981; Bradford-Grieve et al., 1999)
found in this study. The species P. acutus is very common in estuarine
environments in the Tropical Atlantic (Magalhaes et al., 2009; Marcolin

Table 4
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et al., 2010; Sankarankutty et al., 1995; Silva et al., 2003).

4.3. Spatial distribution and structure of the copepod community

The results provided an insight into the distribution of copepods in
three profiles parallel to the TSA (inner, middle, and outer continental
shelves), giving evidence supporting the hypothesis that these profiles
have different structures of copepod assemblages and mainly distin-
guish the inner shelf from the middle and outer shelves. The compo-
sition of the zooplankton on tropical continental shelves is character-
ized by a persistent gradient from the coast to the open sea (Sammarco
and Crenshaw, 1984; Walter, 1989). The data presented here point to
the existence of a gradient of plankton distribution even on narrow
continental shelves ( < 50 km). The differences between profiles are
possibly due to the hydrodynamics in the region, which generates
heterogeneity in the tropical water masses along this continental shelf
(Dias et al., 2010).

Along the TSA continental shelf, greater diversity was observed in
the outer-shelf region than in regions closer to the coast. This phe-
nomenon probably can be explained by the fact that this is a more
stable zone, richer in species, as compared to the coastal zone. This
pattern is suggested by research carried out in the Gulf of Naples (Italy,
west of the Mediterranean Sea) (Mazzocchi and d'Alcala, 1995), off the
northeast coast of Brazil (South Atlantic Ocean) (Cavalcanti and
Larrazabal, 2004), on the northwest coast of Australia (Indian Ocean)
(McKinnon et al., 2008), off Indonesia (Indian Ocean) (Cornils et al.,
2010), and off east Africa (Schnack-Schiel et al., 2010). It is possible
that the proximity of the middle and outer shelves to the oceanic water
masses favors increased species richness as compared to the inner shelf
of the coastal zone, which, according to our results, has lower copepod
diversity and richness.

The density of copepods (inner shelf > middle and outer shelves)
and species richness (middle and outer shelves > inner shelf) indicate
the continental and oceanic influences on the zooplankton. A mixture of
neritic and oceanic species was found on the middle and outer shelves;
this situation made it difficult to separate these communities in a
consistent way. This pattern is confirmed by the cluster analysis, which
revealed lower similarity among stations in groups M and O, and
greater similarity in the inner-shelf group (I). The temporal distribution
of zooplankton is directly influenced by physical processes such as
mixing caused by winds, tidal advection, and vortices (Fernandez et al.,
1993). The Macau Vortex, whose radius measures approximately
150 km (Marin, 2009), may have assisted the invasion and consequent
mixing of oceanic waters with coastal waters on the continental shelf at
the extreme east end of our study site.

The greater similarity between the middle and outer shelf is related
to their locations, which are influenced by oceanic waters to different
degrees. All the species common to both profiles (e.g., C. pavo, A. cf.
longicornis, and O. plumifera) and exclusive to the outer shelf (e.g.,
Candacia pachydactyla, Lucicutia gaussae, and M. efferata) are oceanic
(Bradford-Grieve et al., 1999). Because the planktonic community is

Exclusive and common copepod species on the inner, middle, and outer shelves (Tropical Southwestern Atlantic).

Exclusive species

Species in common

Inner shelf

Subeucalanus pileatus (juvenile copepodite), Acartia (Odontacartia)

lillieborgi, and Pseudodiaptomus acutus (adult and juvenile copepodite).

Middle shelf Temora stylifera (juvenile copepodite), Labidocera acutifrons,
Pontellopsis perspica,x and Pontellopsis brevis

Outer shelf

and juvenile copepodite), Lucicutia gaussae, and Miracia efferata.

Inner and Middle
shelf

Middle and Outer
shelf

Scolecithrix danae (juvenile copepodite), Candacia pachydactyla (adult

Labidocera nerii (juvenile copepodite), and Euterpina acutifrons.

Calocalanus pavo, Acrocalanus cf.longicornis, Scolecithrix danae, Lucicutia gaussae
(juvenile copepodite), Oithona plumifera, Oncaea venusta, Copilia mirabilis,
Corycaeus (Corycaeus) speciosus, and Microsetella rosea.
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Table 5
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Average density (Ind m~>) and frequency of occurrence (%) of copepods on the inner, middle, and outer shelves (Tropical Southwestern Atlantic). Very frequent (****), frequent (***),

infrequent (**), sporadic (*), and absent (—).

Inner shelf

3

Middle shelf Outer shelf

3 3

Indm™ F Indm™ f Indm™ F
Undinula vulgaris (Dana, 1849) 0.00 * 0.66 ok 0.87 ke
Undinula vulgaris (juvenile copepodite) 0.03 ok 2.23 okl 4.48
Acrocalanus cf. longicornis Giesbrecht, 1888 0.00 - 0.22 el 0.94
Calocalanus pavo (Dana, 1852) 0.00 - 0.01 o 0.93 e
Paracalanus aculeatus Giesbrecht, 1888 1.43 3.44 0.70
Paracalanus aculeatus (juvenile copepodite) 31.12 10.83 3.85
Subeucalanus pileatus (Giesbrecht, 1888) 0.05 0.05 0.13
Subeucalanus pileatus (juvenile copepodite) 0.02 * 0.00 - 0.00
Clausocalanus furcatus (Brady, 1883) 0.05 ok 7.43 11.12
Scolecithrix danae (Lubbock, 1856) 0.00 - 0.03 0.01
Scolecithrix danae (juvenile copepodite) 0.00 - 0.00 - 0.01 *
Lucicutia gaussae Grice, 1963 0.00 - 0.00 - 0.04 *
Lucicutia gaussae (juvenile copepodite) 0.00 - 0.00 0.04 ok
Centropages velificatus (Oliveira, 1947) 1.01 0.11 0.13 i
Centropages velificatus (juvenile copepodite) 0.56 ek 0.07 ok 0.01 i
Pseudodiaptomus acutus (Dahl F., 1894) 0.08 ok 0.00 - 0.00 -
Pseudodiaptomus acutus (juvenile copepodite) 0.01 * 0.00 - 0.00 -
Temora stylifera (Dana, 1849) 0.01 * 0.24 0.24 ek
Temora stylifera (juvenile copepodite) 0.00 - 0.08 0.00 -
Temora turbinata (Dana, 1849) 55.52 0.39 0.10
Temora turbinata (juvenile copepodite) 9.42 kel 0.26 0.03 o
Candacia pachydactyla (Dana, 1849) 0.00 - 0.00 - 0.03 b
Candacia pachydactyla (juvenile copepodite) 0.00 - 0.00 - 0.00 *
Calanopia americana Dahl F., 1894 1.15 ek 0.38 ek 0.90 e
Calanopia americana (juvenile copepodite) 0.85 sk 0.47 kil 0.06 b
Labidocera acutifrons (Dana, 1849) 0.00 - 0.05 0.00 -
Labidocera nerii (Krgyer, 1849) 0.05 o 0.04 o 0.03 o
Labidocera nerii (juvenile copepodite) 0.02 i 0.03 ok 0.00 -
Labidocera spp. (juvenile copepodite) 0.23 ol 0.64 il 0.23 ek
Pontellopsis brevis (Giesbrecht, 1889) 0.00 - 0.00 * 0.00
Pontellopsis perspicax (Dana, 1849) 0.00 - 0.00 * 0.00 -
Acartia (Odontacartia) lilljeborgi Giesbrecht, 1889 0.85 R 0.00 - 0.00 *
Oithona plumifera Baird, 1843 0.00 - 0.43 ke 1.17
Oithona spp. 0.66 el 0.04 el 0.03 i
Oithona spp. (juvenile copepodite) 0.00 - 0.03 ok 0.05 i
Oncaea media Giesbrecht, 1891 0.00 * 0.00 ke 0.00 e
Oncaea mediterranea (Claus, 1863) 0.02 - 0.32 - 1.79 *
Oncaea spp. (juvenile copepodite) 0.00 - 0.00 - 0.01 *
Oncaea venusta Philippi, 1843 0.00 - 0.01 * 0.03
Sapphirina nigromaculata Claus, 1863 0.00 - 0.00 - 0.00 *
Copilia mirabilis Dana, 1852 0.00 - 0.04 0.02 e
Corycaeus (Corycaeus) speciosus Dana, 1849 0.00 - 0.15 0.47
Ditrichocorycaeus amazonicus (Dahl F., 1894) 9.03 0.35 0.11
Onychocorycaeus giesbrechti (Dahl F., 1894) 17.91 e 2.80 1.85
Onychocorycaeus latus (Dana, 1849) 0.00 * 0.01 0.16
Farranula gracilis (Dana, 1849) 0.01 o 0.59 7.40
Farranula spp. 0.24 bkl 0.42 0.74
Macrosetella gracilis (Dana, 1847) 0.13 e 0.11 ek 0.09 ek
Microsetella rosea (Dana, 1847) 0.00 - 0.00 * 0.00 *
Miracia efferata Dana, 1849 0.00 - 0.00 - 0.01 ok
Euterpina acutifrons (Dana, 1847) 1.24 ek 0.02 ek 0.00 -

unevenly distributed (Berasategui et al., 2006) and is often structured
in patchy assemblages, there is a close relation between this community
and the characteristics of the marine environment (Nybakken and
Bertness, 2004). Despite the high densities of zooplankton along the
inner shelf of the semiarid coast, the oligotrophic waters of the
Northern Brazil Current and the significant lack of continental water
drainage result in a relatively homogeneous environment (Dias et al.,
2010). The historical flow data show a reduction in the contribution of
river flow into the continental shelf waters because of increases in the
number of dams built along the river basins in the region (Dias et al.,
2013) and the occurrence of extreme droughts in this region (Marengo
et al., 2016).

4.4. Functional groups

The functional groups described for the continental shelf off the TSA
coast highlight the connections of species through their ecological
functions. The use of traits with functional diversity potentially enables
a more mechanistic understanding of variation and regulation of zoo-
plankton communities than is possible with taxonomic diversity alone
(Pomerleau et al., 2015). Functional group characteristics that were
defined here are the spawning strategy, trophic regime, and feeding
strategy. The spawning strategy is regulated by the weight of a female,
environmental temperature, and food (Blaxter et al., 1998; Bunker and
Hirst, 2004). Broadcaster species often show development of eggs
within shorter periods, when compared with sac spawners (Kigrboe and
Sabatini, 1995). The trophic regime is diverse, with most being omni-
vorous species and the rest predominantly herbivorous, carnivorous, or
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Fig. 3. Clusters of the copepod assemblages on the continental shelf (Tropical Southwestern Atlantic) showing groups I, M, and O. I: Inner Shelf, M: Middle Shelf, O: Outer Shelf. Groups
are based on the SIMPROF test with a 5% significance level (gray dotted line).

Table 6

Indicator values (IndVal analysis) of the copepod assemblages on the inner, middle, and
outer continental shelves (Tropical Southwestern Atlantic). S.D. = Standard Deviation.

Maxgrp: Maximo Group.

Taxa Maxgrp Value IV) Mean S.D. P

Nauplius Copepoda 2 5.0 6.9 2.89 0.6499
Calanoida (Copepodite juvenile) 2 20.0 184 5.23 0.3077
Acartia (Odontacartia) lilljeborgi 1 70.4 16.7 5.86  0.0002
Acrocalanus cf. longicornis 3 71.4 27.3 599  0.0002
Calanopia americana 1 44.4 40.0 8.14 0.2749
Calocalanus pavo 3 52.3 20.7 5.86  0.0002
Candacia pachydactyla 3 21.1 9.5 4.51 0.0306
Centropages velificatus 1 73.4 31.8 6.75 0.0002
Clausocalanus furcatus 3 96.1 33.3 7.78  0.0002
Labidocera acutifrons 2 9.2 9.4 4.54  0.4017
Labidocera nerii 2 25.1 20.8 552 0.1910
Labidocera spp. (Copepodite 2 36.4 30.6 6.32 0.1696

juvenile)

Lucicutia gaussae 3 30.0 11.0 4.61 0.0044
Paracalanus aculeatus 1 64.0 53.7  5.69 0.0384
Pontellopsis perspicax 2 11.1 5.8 3.64  0.2018
Pseudodiaptomus acutus 1 17.6 7.7 3.98 0.0244
Scolecithrix danae 3 20.1 9.6 4.75  0.0516
Subeucalanus pileatus 3 16.8 211  6.14 0.7329
Temora stylifera 2 38.0 25,5 6.05 0.0412
Temora turbinata 1 98.9 48.9  13.57 0.0002
Undinula vulgaris 3 57.5 32,5 5.22  0.0010
Copilia mirabilis 3 14.2 10.6 498  0.2324
Corycaeus (Corycaeus) speciosus 3 82.1 253 6.76 0.0002
Ditrichocorycaeus amazonicus 1 95.4 42.6 8.33 0.0002
Onychocorycaeus giesbrechti 1 80.5 48.2 7.83  0.0002
Onychocorycaeus latus 3 51.6 20.1 5.49  0.0002
Farranula gracilis 3 83.9 306 7.27 0.0002
Farranula spp. 3 56.0 38.3 5.26 0.0016
Oithona plumifera 3 91.2 28.6  6.42  0.0002
Oithona spp. 1 47.9 357 857  0.1008
Oncaea (Copepodite juvenile) 3 5.3 5.6 0.26 1.0000
Oncaea media 3 89.4 32.4 8.77 0.0002
Oncaea venusta 3 10.3 9.5 4.60 0.3691
Sapphirina nigromaculata 2 5.6 5.6 0.26 0.6461
Euterpina acutifrons 1 75.4 20.0 6.84 0.0002
Macrosetella gracilis 3 27.7 23.6 6.57 0.2268
Microsetella rosea 2 4.0 6.2 3.35 0.6571
Miracia efferata 3 10.5 5.6 3.81 0.3273

Bold value indicate the main ecological indicators.
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detritivorous (Calbet, 2008; Turner, 2004). In feeding, there are three
strategies developed by copepods: (1) capture the prey by straining the
water (filtering), (2) wait for prey to pass by then attack it (active
ambush), or (3) capture the prey that arrives to the predator via
movement of water (cruise) (Kigrboe and Sabatini, 1995).

The spawning strategy subdivided the copepods of the continental
shelf into sac spawners and broadcasters. Most of the Calanoida are
broadcasters, while Cyclopoida and Harpacticoida are sac spawners
(Blaxter et al., 1998; Melo-Junior, 2009). Sac spawners showed cruise
and active ambush feeding strategies, while the broadcasters were
mostly filter feeders, a result also reported by Benedetti et al. (2016).

The cruise strategy, whose species were classified here as functional
group 1, is not very efficient because copepods push water away when
they move, allowing only a small fraction of the prey to be intercepted
(Kigrboe, 2011). In this group, we find all Oncaea species. This genus is
abundant in most oceans (Kattner et al., 2003) and feeds mainly on
surface materials such as particles, bacteria, and integument or the fluid
of gelatinous macrozooplankton (Go et al., 1998).

Cyclopoida, here represented by Corycaeus species (group 2), are
mainly carnivores that feed on copepod nauplii (Turner, 1984) and
capture food actively (Boltovskoy, 1999). Active ambush (groups 4 and
6) is common among smaller pelagic copepods, primarily of the genus
Oithona, while cruise feeding dominates among the larger species.
Three species of Harpacticoida were compiled into functional group 3.
This order is very diverse in their diet, feeding on bacteria (Rieper,
1978), microalgae (Carman and Thistle, 1985), and metazoan tissues
(Seifried and Diirbaum, 2000), and they may resort to parasitism.

C. americana and S. danae are the only members of group 5. C.
americana is endemic to the Atlantic Ocean and has a strong habit of
vertical migration with a night or twilight pattern (Turner et al., 1979).
It is a frequent and even abundant species in continental shelf waters
throughout Brazil (Boltovskoy, 1981). S. danae has oceanic distribution
(Bradford-Grieve et al., 1999) and consistent vertical migration (Hassett
and Boehlert, 1999). It is saprophagous and eats discarded Larvacea
houses and copepodite carapaces (Ohtsuka et al., 1993). Filter feeders,
gathered in groups 6 and 7, are all Calanoida. This order is mostly filter
feeding and herbivorous or omnivorous (Kouwenberg, 1994), feeding
on algae, bacteria, small animals, and debris.

4.5. IndVal analysis

Most plankton species are considered excellent bioindicators of
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groups p brevis
Group 5 Calanopia americana and Scolecithrix danae
Group 6 Acartia (Odontacartia) lilljeborgi and Labidocera nerii
Undinula vulgaris, Acrocalanus cf. longicorns, Paracalanus aculeatus, Subeucalanus
Group 7 pileatus, Temora stylifera, Temora turbinata,

Calocalanus pavo, and Lucicutia eaussae

Fig. 4. Identification of seven functional groups of copepods on the continental shelf (Tropical Southwestern Atlantic).

environmental influences because they have a short life cycle and re-
spond quickly to changes in the environment (Costa et al., 2004). T.
turbinata, C. furcatus, and D. amazonicus were found to be ecological
indicators of the continental shelf by the IndVal analysis. This test
identified these three species according to the fidelity and specificity in
relation to groups of sites (inner, middle, and outer shelf).

In the functional group analysis, these three species (ecological in-
dicators) have distinct functional traits. Because functional groups are a
set of species with or without phylogenetic affinity, which share similar
functional traits and that respond similarly to environmental conditions

Table 7

(Lavorel et al., 1997), we propose that there is only a small niche
overlap. For example, their feeding strategies are different; therefore,
there is no competition for food. Another relevant result is that these
species have been reported in different areas of the continental shelf. T.
turbinata and D. amazonicus show higher density in the near-shore
waters, while C. furcatus in the outer-shelf waters close to the shelf
break. Thus, these species can be considered ecological indicators of the
different continental shelf waters.

T. turbinata is an especially important ecological indicator, because
this species did not occur in Northeastern Brazil before 1993 (Araujo

Trait characteristics of the seven identified functional groups of copepods on the continental shelf (Tropical Southwestern Atlantic). NA = not available.

Funcional trait Category Functional groups
Group 1 Group 2 Group 3 Group 4 Group 5 Group 6 Group 7 Total number of species
Spawning strategy Broadcaster 0 0 0 4 2 3 8 17
Sac-spawner 6 7 3 0 0 0 0 16
Trophic group Herbivore 0 0 1 0 0 0 3 4
Omnivore 0 1 0 0 1 2 0 4
Carnivore 1 6 0 3 0 0 0 10
Omnivore-Herbivore 1 0 2 0 0 0 5 8
Omnivore-Carnivore 0 0 0 1 0 1 0 2
Herbivore-Detritivore 0 0 0 0 0 0 0 0
Omnivore-Detritivore 4 0 0 0 1 0 0 5
Feeding type Filter 0 0 0 0 0 3 8 11
Active ambush 0 6 0 3 0 0 0 9
Mixed 0 0 0 1 0 0 0 1
Cruise 6 0 0 0 0 0 0 6
NA 0 1 3 0 2 0 0 6
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and Montd, 1993) and it now dominates several coastal and estuarine
areas (Silva et al., 2004). This species may have been introduced in
ballast water or transported by currents along the Brazilian coastline.
Nevertheless, additional studies are necessary to confirm its origin.
Before the identification of T. turbinata, the only species of this genus in
Brazilian coastal waters was T. stylifera (Ferreira et al., 2009). In our
results, the congener T. stylifera is now common on the middle and
outer shelf. T. turbinata is a widespread coastal and oceanic species
(Bjornberg, 1981; Bradford-Grieve et al., 1999), tolerant of a wide
range of conditions in its environment (Bradford, 1977). Ara (2002)
suggested that the potential for genetic adaptation and effective accli-
mation of T. turbinata, along with tolerance to temperature, salinity,
and pollution, favor its advance in continental waters. Our results in-
dicate that this exotic species is abundant on the middle shelf and
mainly on the inner shelf. This species has adapted to the environment
near outfall outlets, which may act as a bottleneck to other zooplankton
species less tolerant to pollution in coastal waters (Tseng et al., 2008).
Despite the ecological and socioeconomic relevance, it is alarming how
little is known about marine bioinvasions, especially those driven by
small invertebrates and microscopic organisms (Marques, 2011).
Among these mostly ignored organisms, zooplankton is an important
albeit neglected component of biological invasions, and the potential
repercussions on the trophic ecology and community equilibrium of
marine systems are poorly understood.

Despite being reported as important species in tropical pelagic webs,
little information is available about the ecology of the small copepods
C. furcatus and D. amazonicus (both ecological indicators according to
our results). C. furcatus is a widespread species, with occurrence in
epipelagic subtropical oceans (Frost, 1968) and oligotrophic waters
(Peralba and Mazzocchi, 2004). It is very common in the North Atlantic
Ocean waters (Grice and Hart, 1962) as well as the Brazilian con-
tinental shelf (Valentin and Monteiro-Ribas, 1993). D. amazonicus oc-
curs in lower abundance in areas where O. giesbrechti (Bjornberg, 1963)
is overabundant. It is observed frequently in waters with salinity of 34
ppt. These two species of the genus Corycaeus have already invaded San
Francisco Bay through ballast water and Chilean waters through ballast
or other means (Hidalgo et al., 2010). This is a relevant topic for re-
search, because in the future, other invasive species may be introduced
overseas, and thus, may affect the zooplankton structure and their roles.

In conclusion, the composition and ecological indicators along the
continental shelf of the TSA suggest that there are differences in the
structure of the assemblages depending on the distance from the coast
and functional traits. The copepod assemblage varies among the shelf
profiles, from the inner to the outer shelf. Temora turbinata (alien spe-
cies), Clausocalanus furcatus, and Ditrichocorycaeus amazonicus (native
species) were found to be ecological indicators. These species have
different functional traits and distinct cross-shelf distributions, where
the alien species dominates the turbid coastal waters, and C. furcatus is
an indicator of outer-shelf waters. Thus, these species can be considered
ecological indicators of the different continental shelf waters. The re-
sults also underscore the need to understand functional diversity and
ecological indicators (native and exotic species) in tropical marine
ecosystems. To better understand this relation, it is important to con-
duct long-term monitoring including sampling stations in the oceanic
domain and temporal series.
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